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Photonics offers a route to fast and distributed quantum computing in ambient conditions, pro-
vided that photon sources and logic gates can be operated deterministically. Quantum memories,
capable of storing and re-emitting photons on demand, enable quasi-deterministic operations by
synchronising stochastic events. We recently interfaced a Raman-type quantum memory with a
traveling-wave heralded photon source [1]. Here we discuss the tradespace for the spectral charac-
teristics of such sources, and we present measurements of our source, which represents a practical
compromise enabling passive stability, high brightness in a single-pass configuration, high purity
and good matching to our Cs vapour memory.
PACS numbers:
INTRODUCTION
Optical qubits have been the base for many primitive
demonstrations of quantum information protocols thanks
to the ease in their manipulation and their low noise
floor in room-temperature environments [2–6]. Unfortu-
nately linear-optical logic gates are non-deterministic, as
they rely on particular measurement outcomes to herald
the generation of entanglement. The success probability
of concatenated non-deterministic gates falls exponen-
tially, and this has prevented the development of large
scale quantum photonic information processors. The
same scaling problem applies to parametric single-photon
sources such as heralded downconversion. They oper-
ate at room temperature and produce high quality single
photons with high brightness, but it has not been pos-
sible to simultaneously run many sources in parallel, as
the combined success probability becomes too low.
A promising route to scalable quantum photonics,
which retains the capability to operate at room temper-
ature, in ambient conditions, with high bandwidths, is
to develop mutually compatible downconversion sources
and quantum memories, so that photons can be stored
and synchronised. Non-deterministic sources and gates
can then be multiplexed to achieve quasi-deterministic
operation [7]. Running such a system at a clock-rate in
the GHz regime is ideal as this exploits the fastest speeds
available for electronic processing, avoids significant op-
tical dispersion, and is robust to MHz-scale frequency
fluctuations in free-running lasers.
We have developed a GHz bandwidth optical mem-
ory based on stimulated Raman absorption in warm Cs
vapour, and we recently interfaced this memory with
a traveling-wave heralded downconversion single photon
source [1], illustrated in Figure 1. In this paper we ex-
plore the inherent trade-off between purity and bright-
ness in such sources, which arises from time gating in-
troduced by the memory’s storage and retrieval opera-
tion, and report measurements of the spectral character-
pulse picker
FIG. 1: Schematic of a travelling-wave SPDC source with
a quantum memory. On demand storage of heralded single
photons is triggered by idler detection events, upon which a
memory control pulse is selected from a pulse train for simul-
taneous insertion into the memory medium. Application of a
second control pulse triggers the release of the stored single
photon from the memory.
istics of this source. We identify a continuous range of
optimal configurations for pumping and heralding band-
widths, the two design determinants: practical consider-
ations then dictate how to choose these.
A GENERIC MODEL FOR A GHZ-BANDWIDTH
PARAMETRIC SOURCE
Spectral output of heralded down-conversion Para-
metric single-photon sources, based on downconversion
in a non-linear medium, rely on heralding the presence
of a signal photon by detection of a correlated idler pho-
ton. A strong pump pulse Ω(t) drives a multi-mode pair-
wise squeezing interaction that generates signal and idler
photons in pairs, producing the bi-photon state
|ψ〉 = |00〉+
∫∫
f˜(ωs, ωi)aˆ
†
s(ωs)aˆ
†
i (ωi) dωsdωi |00〉 , (1)
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2where the signal and idler annihilation operators aˆs,i(ωs,i)
destroy photons at frequencies ωs,i, respectively, and
where the joint spectral amplitude (JSA) f˜(ωs, ωi) =
Ω˜(ωs + ωi) · Φ˜(ωs, ωi) describes the spectral correlations
between the signal and idler modes. For traveling-wave
sources, schematised in Figure 1, the joint spectrum is de-
termined by momentum and energy conservation, enter-
ing Equation 1 via the phase-matching function Φ˜(ωs, ωi)
and the pump envelope Ω˜(ωs + ωi), respectively. Fig-
ure 2 (a) and (b) illustrate both constituents, as well as
the resulting JSA, for a GHz-bandwidth source. Here,
the variations in the material dispersion over the joint
spectrum can be neglected, so the joint spectrum takes
the simpler form
f˜(ωs, ωi) = Ω˜(ωs + ωi). (2)
The JSA describes strong frequency anti-correlations be-
tween the signal and idler modes, such that detection of
an idler photon (without frequency resolution) heralds
the presence of a signal photon over a range of possible
frequencies: a spectrally mixed state that cannot be di-
rectly used for quantum information applications. The
spectral purity of the heralded signal photons can be im-
proved by passing the idler photons through a spectral
filter with amplitude transmission T˜ (ωi), which results
in a modified joint spectrum
f˜T (ωs, ωi) = T˜ (ωi) · Ω˜(ωs + ωi), (3)
exemplified in Figure 2 (a). Filtering cuts down the
stripe-shaped JSA to an ellipse in ωs-ωi space. How-
ever, unless the ellipses’ symmetry axes align with the
ωs-ωi coordinate axes, heralding by idler photon detec-
tion will still produce a multi-mode state. We can see
this, when expressing the filtered bi-photon state in terms
of its Schmidt decomposition [8], using broadband mode
operators [9]. Its density matrix ρˆ = |ψ〉 〈ψ| can be writ-
ten as [10, 11] ρˆ(ωi, ωs) =
∑
k
λk |ζ ik〉 〈ξsk|, with Schmidt
coefficients λk and orthonormal signal and idler modes
with annihilation operators {|ξsk〉} and
{|ζ ik〉}, respec-
tively. The lower the number of contributing mode pairs
in ρˆ, the higher is the state’s purity P = ∑
k
1
λ2k
. For a
photon counting detector with uniform spectral and tem-
poral response all spectral-temporal information in the
idler mode is lost and thus the spectral-temporal state
of the heralded single photon (HSP) is obtained by trac-
ing over the idler subsystem in ρˆ, yielding the marginal
signal state ρˆs = Tri(ρˆ(ωi, ωs)).
Mode matching to the memory Once heralded, the
signal photons are to be stored in a quantum mem-
ory, for which reason their spectral mode has to match
the memory’s spectral acceptance. For our discussion,
we assume on-demand memories, whose storage and re-
trieval interaction is mediated by a control field [13, 14].
The control maps the incoming photon onto a stationary
atomic spin-wave coherence Bˆ(~x), which is distributed
along the spatial dimensions ~x of the storage medium.
Both, the spectral electric field amplitude Eˆs(ω) and
Bˆ(~x) are linked by the memory kernel K(z, ω) as Bˆ(z) =∫
ωs
K(z, ω˜)Eˆs (ω˜) dω˜, with the control field spectrum defin-
ing the kernel’s spectral characteristics. Therewith, we
can define the memory efficiency as the expectation num-
bers of the resulting spin-wave excitations per incoming
signal photon
ηin =
〈NˆB〉
〈NˆEs〉
=
〈Bˆ†Bˆ〉
〈Eˆs†Eˆs〉
=
∫
z
|B(z˜)|2dz˜∫
ω
|Es(ω˜)|2dω˜ . (4)
Memory retrieval is the reverse process, Eˆret(ωs) =∫
z
Kr(ωs, z˜)Bˆ(z˜)dz˜, induced by a subsequent control pulse
via the retrieval kernel Kr(ωs, z). Similarly, the retrieval
efficiency is ηret =
〈NˆEret 〉
〈NˆB〉 , yielding a total memory stor-
age efficiency of ηmem = ηin · ηret. Here, we assume the
memory acceptance mode, determined by K(ω, z), can
be adjusted at will by appropriately shaping the con-
trol’s spectral amplitude Ec(ω). When considering our
Raman memory system, which is operated in the low con-
trol energy regime [13], the memory kernel spectrum can
be approximated by the Rabi-frequency Ω˜(ω) ∼ Ec(ω),
and thus corresponds directly to Ec(ω).
Accordingly, source - memory interface optimisation
requires maximisation of the excited spin-wave fraction.
This can, for instance, be achieved when producing HSPs
in a single mode (P → 1) that spectrally matches the
memory kernel, which corresponds to the well-known sin-
gle photon source design objective of generating pure
states. For the case of a travelling-wave, GHz-bandwidth
source, where the pump map dominates the JSA, the
available design parameters are the pump and filter
bandwidths. Considering solely the source, optimisation
would require narrowband filtering to MHz, effectively
reducing the filtered JSA to a horizontal stripe in ωs−ωi
space. However, for operation with a memory we also
have to take temporal aspects into account, which have
so far been ignored.
Timing of single photon production A combined
memory-source system will, in practice, be operated with
a repetition rate frep =
1
T , since read-in or retrieval
events have to occur within a time bin T . Experimen-
tally, frep can, for example, be set by the pump laser of
the SPDC process. For the read-in process this time bin
size effectively limits the signal and idler duration (see
Figure 1 for an illustration), which can be understood
intuitively, when considering on demand memories: Here
control pulse generation is triggered by idler detection
events, as idler detection also heralds the presence of a
single photon to be inserted into the memory. If idler
photons overlapped with adjacent time bins and were de-
tected in one of these neighbouring bins, the generated
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FIG. 2: (a): Constituents and resulting filtered JSA for GHz-bandwidth SPDC in νs - νi space. The diagonal and horizontal
stripes illustrate the frequency maps for the SPDC pump and the idler filter, respectively. The former determines the JSA of
the unfiltered SPDC output, due to the SPDC’s large phase-matching bandwidth (shown in inset (b) [12]). The yellow line
along the νs - axis, displays the marginal spectrum of single photons, obtained from heralding by idler detection; dotted vertical
lines mark its FWHM bandwidth. (c) Influence of SPDC source repetition rate T and idler filter bandwidth γ (both in units
of SPDC pump bandwidth σp) on the memory read-in efficiency ηin of the produced heralded single photons, compared to a
perfectly mode matched input.
control pulses would fall into these adjacent time bins as
well. Accordingly, the control would not be synchronised
with the SPDC signal photons, going into the memory.
Without the presence of a control pulse in the time bin
of the incoming single photon, it would not be stored and
the observable storage efficiency would degrade. Equally,
the SPDC signal photons should also not overlap with
any other time bins than the one they are generated in,
which corresponds to the time bin of the SPDC pump
pulse. Otherwise, the heralded single photons would have
a finite probability to fall into another time bin than the
memory control pulse, leading to a similar reduction in
storage efficiency. Hence we need to incorporate such
time gating when optimising the pump and idler filter
bandwidth parameters for maximum read-in efficiency.
Mathematically, both time bin constraints are easily
expressible when considering the joint temporal ampli-
tude (JTA), i.e. the filtered JSA in the time domain.
Here we can directly apply the required time bin re-
strictions by multiplying the JSA with gating functions
G(ti,s, T ) for the signal and idler photons. Such time
gates can, for instance, be modelled by Heaviside func-
tions with Gi,s(ti,s) = rect(ti,s− T2 ). These are temporally
centred on an SPDC pump pulse (t = 0), whose duration,
in turn, defines the time bin size T . To arrive at an ex-
pression for the memory read-in efficiency, we start with
a train of SPDC pump pulses
Ωtot(t, T ) =
+∞∑
j=−∞
Ω(t− j · T ). (5)
Without any filtering, the JSA f˜(ωi, ωs) = Ω˜tot(ωi, ωs) is
determined by the Fourier transform of the pump pulse
train Ωtot(t, T ). Its frequency comb structure means, the
JSA consists of small stripes for each tooth in the comb,
oriented along a 45◦-angle in ωs-ωi space. Applying the
idler filter results in the modified JSA f˜T (ωs, ωi). To
return to the time domain, we Fourier transform the fil-
tered JSA over both frequency dimensions and use the
shift theorem to arrive at
fF(tt, ts) = T (ti − ts)Ωtot(ts). (6)
T (ti−ts) denotes the idler filter’s amplitude transmission
in the time domain, which restricts the temporal sepa-
ration between signal and idler photons. We can now
apply the time gates by straight forward multiplication
with the JTA
fG,F(tt, ts) = G(ti)G(ts)T (ti − ts)Ωtot(ts) (7)
and arrive at a marginal density matrix for the heralded
single photons of
ρs(ts, t
′
s) =
∫
fG,F(ts, ts)f
∗
G,F(ts, ts)dti |1s〉 〈1s| , (8)
where, for simplicity, higher order terms have been ig-
nored [11]. Therewith, the efficiency of the memory is
just given by
ηin = 〈K(ts, z)| ρs |K(ts, z)〉 . (9)
The memory’s input mode, represented by the memory
kernel K(ts, z), is now operating in the time domain and
determined by the temporal pulse shape of the control.
4Source design To summarise, the key parameters for
the photon source are the SPDC pump pulse duration T ,
its repetition rate frep and the idler filter bandwidth γ.
The pump’s pulse duration determines the spectral band-
width of the unfiltered JSA, and thus the spectral cor-
relations between signal and idler photons. The pump’s
effective time bin size T , in turn, defines the time bin
sizes for storage and retrieval, since the idler photon de-
tection triggers the memory control pulse [1] (Figure 1).
Of course, if we aim to run the joint source - memory
system with the highest possible clock rate, the pump’s
pulse duration will put an effective upper bound on the
system’s repetition rate with frep ∼ 1T . The idler filter
bandwidth γ needs to be selected appropriately to pro-
duce heralded single photons that spectrally match the
memory control pulses. Moreover, the temporal dura-
tions of the filtered idler and the heralded signal photons
need to be confined within the memory time bin size T ,
set by the pump’s repetition rate.
We now investigate these parameters with the aim to
optimise the source - memory interface, such that a pro-
duced heralded single photons can be stored with a high
probability in ηin. To this end, we assume a train of
Gaussian-shaped pulses, with electric field amplitudes
Ωj(t) = Ω0 · exp
{
− (t− j · T )
2
σ2p
}
, (10)
is pumping the SPDC process. We also model the idler
filter’s electric field transmission by a Gaussian-shaped
filter line, with a time domain representation of
T (t) = exp
{
− (γ · t)2
}
. (11)
This matches the situation in the experiment (described
below). Furthermore we express the parameters T and γ
in units of σp. Assuming no constraints on our ability to
generate specific memory control pulse configurations, we
choose electric field amplitudes for the memory control
that match the fundamental mode |ξs1〉 of the SPDC sig-
nal photon. Therewith, we effectively apply mode filter-
ing [15] and select the signal and idler mode pair with the
largest Schmidt coefficient λ1. Picking the first Schmidt
mode pair maximises the memory efficiency ηin ∼ |λ1|2,
compared to any mode selection including higher order
modes [13]. With these assumptions we are now in a
position to evaluate the influence of the remaining two
design parameters (T and γ).
Figure 2 (c) illustrates the memory efficiency depen-
dence on time bin size T and idler filter bandwidth γ.
For larger pump pulse separations T , i.e. long time
bins, tight idler filtering yields better memory efficiency
(γ → 0.2). This result is expected in a situation when
temporal overlap of the signal and idler pulse envelopes
with adjacent time bins is negligible: Narrowing down
the spectral bandwidth of the idler filter results in the
production of heralded single photons in purer states [11].
Accordingly, the marginal signal photon spectrum con-
tains fewer higher order Schmidt modes, and the mode
filtering storage process results in lower losses, increasing
the storage probability.
This picture changes when the repetition rate goes up
and the time bins become shorter. Now, the tempo-
ral broadening of narrow-band filtering the SPDC idler
photons can cause significant temporal overlap with the
pre- and succeeding time bins. The resulting probability
for timing mismatch between memory control and her-
alded single photon input reduces the storage efficiency.
Since this mismatch increases for increasingly narrower
filters and shorter time bins, the optimal storage effi-
ciency shifts towards looser idler filtering.
In designing a source there is thus a trade-off between,
on the one hand, the purity of the produced single pho-
tons and the associated mode selection probability by the
memory control (via the herald filter bandwidth γ), and,
on the other hand, the maximum repetition rate the joint
source-memory system can operate at (via the pump time
bin parameter T ). The higher the latter is sought to be,
the lower the former needs to be.
As mentioned initially, high rates are, for instance, rel-
evant for temporal multiplexing applications [7], where
many single photon production as well as storage and re-
trieval attempts are required, and the photon source is
run at rates on the order of the inverse pump pulse du-
ration (T → σp). In a realistic scenario, one would aim
to operate the joint system with T & 2σp, as otherwise
the pump pulses start to overlap significantly and one
moves into a pseudo cw-regime. As our results in Fig-
ure 2 (c) show, at this, de facto, limiting time bin size of
T ∼ 2σp, the optimal idler filter bandwidth approaches
γopt ∼ 0.9σp, which is significantly broader than the nar-
rowband solution of γ ∼ 0.2, obtained without any time
binning constraints.
Using these design considerations, we next look at
the implementation of an experimental prototype for
such a broadband, memory-interfacing source. Re-
cently, we have used the resulting system to store
GHz-bandwidth heralded single photons in a high time-
bandwidth-product Raman memory [1].
MATCHING THE SOURCE TO THE RAMAN
MEMORY
We briefly describe our targeted Raman memory sys-
tem before we outline the experimental apparatus and
present the obtained photon counting statistics. We then
investigate the matching of the produced heralded single
photons to the Raman memory’s signal input channel. To
this end, we characterise the signal photon heralding effi-
ciency (ηher), i.e. the preparation probability of a single
photon in the memory’s input channel conditional on the
5detection of an idler photon, and the marginal spectrum
of the SPDC signal photons. As their GHz-bandwidth
is too narrowband for standard spectrometers, but too
broadband for direct detection on a photodiode, we em-
ploy a technique based on sweeping their spectrum over
a known filter.
Raman memory characterisitcs We implement the
Raman memory [1, 13, 16–18] in 70◦C-warm atomic cae-
sium (Cs) vapour. Operating on the D2-line, with 852 nm
central wavelength, the memory relies on the Λ-system
illustrated in Figure 3 (b). Signal photons are stored by
transferring atomic population from the initial 62S 1
2
,F =
4 state (memory empty) to the 62S 1
2
,F = 3 state (mem-
ory charged). These two hyperfine ground states are sep-
arated by δgs = 9.2 GHz, which forms the upper limit on
the bandwidth of storable heralded single photons. The
population transfer is mediated by a strong control field,
detuned by ∆m = 15.2 GHz from the 6
2P 3
2
excited state
manifold. Control pulses of Ec ∼ 15 nJ pulse energy and
∆νc ∼ 1 GHz full-width-half-maximum (FWHM) spec-
tral bandwidth are produced with a titanium-sapphire
(Ti:Sa) laser. At this pulse energy, our memory operates
in the low power regime, so the Raman memory’s spectral
acceptance bandwidth is set by the control pulse [13].
Experimental setup We use an frep = 80 MHz repeti-
tion rate Ti:Sa master oscillator to generate the SPDC
pump and the memory control. Its pulse duration, on
the order of 1 ns, and pulse time bins size of 12.5 ns would
position us at T ∼ 11 in Figure 2 (c). While this would
leave us with an optimal idler filter bandwidth on the or-
der of γ ∼ 0.2σp, we aim to simulate the broadband case.
Hence, for this proof-of-principle demonstration, we use
a filter bandwidth of γ ∼ 0.85σp which is close to γopt
[31].
In the experiment, sketched in Figure 3 (a), the Ti:Sa
output is frequency doubled with low efficiency (∼ 9 %) in
a periodically-poled ppKTP crystal. The resulting SPDC
pump pulses at 426 nm wavelength (UV) have a FWHM
spectral bandwidth of ∆νp ∼ 1.3 GHz and are guided
to the photon source, with the unconverted fundamen-
tal at 852 nm wavelength (IR) separated on a low pass
filter and sent into a Pockels cell for control pulse pick-
ing from the Ti:Sa pulse train [1]. The SPDC source
is implemented in a 2 cm long nonlinear ppKTP waveg-
uide (AdvR), heated to TKTP ∼ 40◦C, using a 3µm wide
and 6µm deep (FWHM) waveguide channel. A micro-
scope objective (Olympus 40X ) couples the UV pump
into the fundamental transverse mode [19], which have
a total transmission efficiency of ∼ 10 % through the
waveguide chip. The type-II SPDC emits signal and idler
photons, at 852 nm central wavelength, into the funda-
mental transverse mode [20] (see Figure 3 (a) for mode
images). These are separated from the UV on another
low pass filter and fluorescence noise is filtered by a series
of 852±2.5nm bandpass filters. Signal and idler are split
on a polarising beam splitter (PBS). The idler is filtered
and detected. Meanwhile, the signal is delayed in 91 m of
single mode fibre (SMF), to allow sufficient time to pick
the memory control pulses, triggered by idler detection
events (feed forward operation [1, 21]).
The idler filter contains a holographic grating (HGF)
with a 100 GHz-wide reflection band and a series of 4
air-spaced Fabry-Perot (FP) filters; two etalons with a
finesse of F = 12 and 18.2 GHz free-spectral range (FSR)
and one, double passed, etalon with F = 68.9 and FSR =
103 GHz. While the HFG and the FSR = 103 GHz
etalons suffice to select the correct frequency mode, the
additional FSR = 18 GHz etalons suppress single pho-
ton fluorescence in the wings of the FSR = 103 GHz
etalon filter lines. The total transmission profile has a
FWHM = 1.4 GHz and is well described by the Gaussian
line T˜ (νi) (Fourier transform of Equation 11). Having the
Ti:Sa laser’s frequency (νTi:Sa) set to the memory control
channel in the Λ-system (Figure 3 (b)), the SPDC sig-
nal photons need to be projected by 9.2 GHz towards the
red to achieve two-photon resonance for Raman storage
[13]. To this end, we adjust the centre of the idler filter’s
transmission line to νfi = νTi:Sa + 9.2 GHz, yielding her-
alded single photons with νs = νTi:Sa − 9.2 GHz central
frequency. Thanks to the broad phase-matching band-
width of ∼ 100 GHz (FWHM), this is possible without
any significant reduction in the SPDC pair production
rates. Post filtering, idler photons are detected on a sin-
gle photon avalanche photodiode (APD, Perkin Elmer).
Its output signals are sent into a digital delay generator
(DDG), which, firstly, feeds into a field programmable
gate array (FPGA) for photon counting, and, secondly,
into the Pockels cell unit. After appropriately delaying
the idler detection signals with the DDG, the Pockels cell
can use them as a trigger to pick control pulses from the
unconverted Ti:Sa pulses, such that arrival times at the
memory are synchronised with the heralded single pho-
tons.
For storage in the Cs, the heralded SPDC photons
also feed into the vapour cell. Any photons, transmit-
ted through the memory (i.e. not stored during read-
in), or retrieved from the memory, are subsequently sep-
arated from the orthogonally polarised memory control
pulses and filtered by a second filter stage. It comprises
three etalons with FSR = 18 GHz and another, double-
passed FSR = 103 GHz etalon. These suppress con-
trol pulse leakage and noise from the memory storage
medium [1, 22]. The resulting spectral filter transmis-
sion line T˜ (νs) is also well approximated by a Gaussian
profile (Equation 11) with a FWHM filter bandwidth of
∆νs ∼ 1.1 GHz and the filter resonance positioned at
the SPDC signal frequency (i.e. νfs = νs). Post filtering
the signal is sent into a Hanbury-Brown-Twiss (HBT)
type setup [23], where it split 50:50 and detected on two
multi-mode-fibre (MMF) coupled APDs, whose outputs
also feed into the FPGA. By counting coincidences cH|T
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FIG. 3: (a) Experimental set-up: see main text for details. (b) Λ-level system for the Raman memory in atomic Cs vapour
[13] and optical fields for on-demand heralded single photon storage in the memory. For the two-photon Raman transition,
the control couples to the 62S 1
2
F= 3 state and the heralded SPDC signal photon to the 62S 1
2
F= 4 state. The corresponding
SPDC idler photon must be projected to the blue of the control by the 9.2 GHz Cs hyperfine ground state splitting.
and cV|T between the detection events cT, registered by
the idler detector, and either signal detector (cH, cV), we
can measure the produced heralded single photons in the
input and retrieval time bin of the memory. Recording
triple coincidences c(H&V)|T between all three detectors
furthermore allows us to observe the photon statistics
of the signal through the g(2) autocorrelation function
[1, 24].
We now discuss the characterisation of the generated
heralded single photons. These characterisation measure-
ments do not require single photon storage, so no control
pulses are applied to read the photons into and out of
the Raman memory.
Photon production rates Figure 4 (a) presents the
photon count rates, registered by each detector (APDT,
APDH, APDV) in the setup [32]. While idler detec-
tion events could be fed-forward directly to trigger the
control pulse preparation, the temporal filtering by the
DDG suppresses false triggers by detector dark counts
or uncorrelated single photon fluorescence noise, falling
into the selected spectral mode of the idler. Imposing
a fixed minimum delay between successive input events,
the DDG slightly reduces the rate cT of the transmit-
ted signals, resulting in a maximum repetition rate of
frep = cT . 25 kHz for the available UV pump power
range (PUV . 3 mW) [33].
The SPDC process is operated in the low pump power
regime [25, 26]. Consequently, the coincidence events be-
tween the idler trigger and each of the two signal de-
tectors, cs|T = cH|T + cV|T, displayed in Figure 4 (b),
increases, to good approximation, linearly with the UV
pump power (PUV ). We can estimate the contribution
from uncorrelated signal photons therein by counting
the coincidences between idler and signal detectors for
a pre- or succeeding time bin of the 80 MHz SPDC pump
pulse train [27]. Adding a 12.5 ns time delay between
the FPGA channel for APDT and the channels for both
signal APDH and APDV, we obtain the rates c¯s|T in Fig-
ure 2 (c). These amount to < 2 % of the total coinci-
dences cs|T (at PUV ∼ 3 mW), and are subtracted from
cs|T in the following.
Heralding efficiency With these background sub-
tracted counts, we can now immediately determine the
source heralding efficiency
ηher =
(cs|T − c¯s|T )
cT · Ts · ηdet ≈ 25± 3 %. (12)
to express the probability of having a single photon
present at the memory input upon every storage at-
tempt, i.e. whenever a control pulse is triggered. Since
we want to evaluate the actual single photons arriving
at the memory, we account for the optical propagation
losses between the memory and the signal detectors,
Ts ≈ 10 ± 1 %, and the APD detection efficiencies, as-
sumed as ηdet ∼ 50 %. On average, we send a single
photon into the memory on every fourth trial. We esti-
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FIG. 4: (a): Count rates of SPDC signal and idler photons. Red and blue data illustrate the signal and idler rates cT and
cH + cV, respectively. The cyan data show the idler rates after temporal filtering by the digital delay generator (Figure 2 (a)).
Dotted lines are a linear fits in PUV. (b): Conditional detection rates cs|T of SPDC signal photons, registered on APDs DH and
DV, given an idler event on APD DT. Red and green data are coincidences for signal and idler photons emitted within the same
and in different UV pump pulses, respectively. Dotted lines are linear fits in PUV. (c): g
(2) autocorrelation for the produced
heralded single photons. (d): Heralded single photon spectrum SHSP(ν) (blue line), obtained from the convolution between
SHSP(ν) and the signal filter transmission line T˜ (ν), centred on the Raman memory’s input signal channel (i.e. δν = ν − νfs).
The black line shows the fitted convolution onto the measurement points (black points), which are interpolated by a grey dotted
line. For comparison, the yellow line displays the marginal SPDC spectrum, expected by the JSA (Figure 2 (c)), and the red
line denotes the memory control pulse spectrum.
mate ηher to be limited by optical losses in the beam path
of the heralded single photons to the memory (coupling
to and propagation in SMF) and transmission losses in
the waveguide.
Photon number statistics Next we determine how
close the source output is to a true single photon. Using
the HBT-type signal detection setup in Figure 3 (a), we
measure the heralded second-order autocorrelation func-
tion, defined as [24]
g(2) =
c(H&V )|T · cT
cH|T · cV |T . (13)
For a true single photons in the signal arm, g(2) should
approach 0, while for a single-mode coherent state or
thermal noise it would reach values of 1 or 2, respectively.
Using the coincidences of each signal APD with the tem-
porally filtered idler events (cH|T, cV|T), as well as the
triple coincidences between all three detectors (c(H&V)|T),
we consistently achieve g(2) . 0.08 for all available UV
pump power values (Figure 4 (c)). Higher order photon
pair emissions are thus negligible and we indeed insert
at most one single photon into the memory upon every
storage trial.
Spectral matching of heralded single photons We can
now analyse, how well these single photons actually inter-
face with the Raman memory’s input channel. To this
end, we need to determine the heralded single photon
spectrum. A direct measurement is difficult, since it
would, e.g., require a single-photon spectrometer with
sub-GHz resolution. However, a bandwidth measure-
ment is nevertheless possible by sweeping the central fre-
quency (νs,0) of the single photon spectrum over the sig-
nal filter, whose resonance is kept constant at 15.2 GHz
blue-detuning of the 62S 1
2
,F = 4 → 62P 3
2
transition
in the Raman memory’s Λ-system (Figure 3 (b)). We
do this by modifying the central frequency νTi:Sa of the
Ti:Sa laser. Because of energy conservation, any change
in νTi:Sa by δν shifts the SPDC pump pulse frequency
(νUV) by 2 · δν and, in turn, the SPDC signal and idler
photons by δν. Scanning the Ti:Sa frequency over the
signal filter resonance T˜ (δν = ν − νfs) and measuring the
transmitted coincidences yields a count rate level propor-
tional to
c˜s|T (δν) =
cs|T (δν)
cs|T (0)
=
∫
ν
T˜ (δν) · SHSP (δν − ν′) · dν′,
(14)
the convolution between the single photon spectrum and
T˜ (δν), whereby we already normalise the count rates.
Notably, thanks to the broad emission bandwidth of
the unfiltered SPDC process (Figure 2 (b)), the idler
filter resonance can be kept constant without affecting
cs|T(δν), when varying δν. This considerably simplifies
the experimental procedure. To extract the single photon
bandwidth from Equation 14, we assume again a Gaus-
8sian pulse spectrum, given by
SHSP(ν) ∼ exp
{
−4pi2 (∆t)2 · (ν − ν0)2
}
. (15)
We aim to extract the parameter ∆t to give the
FWHM spectral bandwidth of the heralded single pho-
tons ∆νs =
√
ln (2)
pi·∆t . For this purpose, we optimise ∆t to
obtain the closest fit between the measured coincidence
rates c˜s|T (δν) and the convolution of SHSP(ν) with the
known filter function T˜ (δν) (Fourier transform of Equa-
tion 11) [34].
Figure 4 (d) compares the optimised convolution with
the measured data c˜s|T (δν) and shows the resulting sin-
gle photon spectrum. We obtain a single photon spec-
tral bandwidth of ∆νs = 1.78± 0.06 GHz, which we can
contrast with the marginal SPDC signal spectrum, ex-
pected from the JSA in Figure 2 (a). For our signal and
idler filter parameters, the latter predicts a bandwidth
of ∆νJSAs = 1.61 GHz, matching our experimental val-
ues closely. From the filtered JSA (Figure 2 (a)), we can
also estimate the purity of the heralded single photons to
P ∼ 77 %. As desired by the idler filter choice, the her-
alded single photons fit into the time bin of the memory
control pulse, for which reason their spectrum is broader
than that of the control, with a FWHM of 1.06 GHz (also
displayed Figure 4 (d) for comparison).
Due to the sub-unity values of the purity P and the
residual spectral mode mismatch between the single pho-
tons and the memory control, the memory efficiency is ex-
pected to reduce compared to a perfectly mode-matched
input signal. Such a signal can, e.g., be generated by
a low-intensity pick-off from the control pulse, and has
been used in our previous experiments [16, 18, 22]. Since
the resulting coherent state [24] input signal and the con-
trol derive from the same laser pulse, their spectral modes
match. Using these as the memory’s signal input, a stor-
age efficiency of ηcohin ≈ 51 ± 2 % can be obtained [1].
Conversely, when sending the heralded single photons
into the memory, the read-in efficiency is lowered by a
factor ∼ 0.76± 0.1 to ηHSPin ≈ 39± 3 % [1].
Given our earlier simulation results of Figure 2 we
would expect a reduction of this size: Since our laser
system operates only at 80 MHz repetition rate, our po-
sitioning along the SPDC pump time bin size in Fig-
ure 2 (c) lies around T ∼ 11, so our chosen filter band-
width of γ ∼ 0.85 should result in a reduction by a factor
of ∼ 0.8 over the mode-matched case. On the one hand,
we are seeing the degradation in memory efficiency from
choosing a broader idler filter, that filters the JSA less
tight, reducing the purity of the heralded SPDC signal
photons and, in turn, ηin. On the other hand, there
are no effects from time-bin constraints on the storage
efficiency yet, i.e. generating single photons with long
pulse duration by narrowband idler filtering is not yet
penalised. If we could increase the repetition rate of the
system, the temporal binning effects would become im-
portant, and the optimal filter parameter γ would shift
towards the value we have chosen in the experiment. The
presented setup is thus only a prototype version, which
uses the design parameters required for a high repetition
rate scenario, allowing us to estimate the achievable per-
formance of an interfaced memory-source system at high
rates. However, at present the implementation of such a
reliable interface between a single photon source and a
Raman memory is hindered by background noise issues
on the memory-side [1, 28–30], which have to be managed
first.
CONCLUSION
In this article, we discussed the design requirements
for travelling-wave SPDC-based heralded single photon
sources that are to be interfaced with on-demand quan-
tum memories, and presented the characterisation of a
prototype system. A joint source - memory system is an
appealing solution to achieve close to deterministic op-
eration with probabilistic heralded single photon sources
via temporal multiplexing [7]. To enable high single pho-
ton production rates, it is ideal to store broadband her-
alded single photons, at high repetition rates, in a mem-
ory with a large time-bandwidth product, allowing many
storage and retrieval trials within the memory’s lifetime.
To this end, heralded photons should be spectrally pure,
with bandwidths matching the spectral-temporal input
channel of the memory, and temporally separable so they
can be addressed by individual control pulses.
Our analysis revealed an inherent trade-off between
these objectives, when spectral engineering SPDC sig-
nal photons through spectral filtering of the heralding
idler photon [10, 11]. While for low repetition rate sys-
tems producing single photons with highest purity proves
optimal, the associated tighter spectral filtering leads to
false projections into neighbouring time bins at higher
repetition rates. When seeking to operate the source at
the highest possible repetition rates, a filter bandwidth
on the order of the pump’s time bin duration enables
the largest memory read-in efficiencies for the produced
heralded single photons, as it balanced the photons’ tem-
poral and spectral properties.
Based on this optimal filter solution, we have imple-
mented a source prototype that we have recently inter-
faced with a Raman memory [1]. To characterise the
quality of the obtainable interface, we demonstrated the
desired temporal confinement of the produced heralded
single photons to the memory’s read-in time bin as well
as their spectral matching to the memory’s spectral ac-
ceptance profile [13]. For this purpose, we presented a
measurement for the spectral bandwidth of heralded sin-
gle photons in the GHz-regime. In a final step we could
show that the influence of single photon’s spectral prop-
9erties on their read-in efficiency into the Raman memory
tied in with the expectations we obtained our initial de-
sign analysis.
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